Introduction {#Sec1}
============

Modern trends in electronic materials, especially in the field of memories, have focused in the investigation of the physicochemical properties of the so-called multiferroic materials^[@CR1]--[@CR3]^, in which the ABO~3~ and A~2~BBO~6~ perovskites have a privilege place^[@CR4]--[@CR9]^, dominating most of the research efforts due to the coupling of ferromagnetic^[@CR9]--[@CR15]^ and ferroelectric orderings^[@CR1],[@CR16]--[@CR22]^, which makes them very attractive for information storage devices^[@CR23],[@CR24]^. However, not much attention has been devoted to ferroelectric and ferroelastic coupling and their applicability in non-volatile memory devices or in other electronic applications. One of the main concerns has been the substrate clamping effect, in which stress and ferroelectric polarization is suppressed by the epitaxial strain from the substrate^[@CR25]^. Nevertheless, several studies have shown ferroelastic switching in thin films^[@CR26]--[@CR28]^ showing the potential applicability of these materials in multifunctional heterostructures^[@CR29],[@CR30]^ or artificial multiferroic architectures^[@CR31]^. Moreover, in materials such as BiFeO~3,~ PbTiO~3~ and BaTiO~3~ the ferroelastic domains are known to play an important role in facilitating the coupling between the polarization and the magnetization via the ferroelastic switching^[@CR32],[@CR33]^, aspect which is highly desirable in non-volatile memories^[@CR34],[@CR35]^. Nevertheless, these traditional ferroelectrics have very limited ferroelastic behavior, mainly due to the need of epitaxial strain in their thin film stabilization, which renders the polarization switching only observable in multi-domain structures, which clearly points out to a clamping substrate of effect with negative implications for electronics^[@CR28],[@CR36]^.

Considering all the above, the epitaxial stabilization of high strain ferroelastics is at the core of novel applications in electronics. Here is where one of the oldest and most well known ferroelectric and ferroelastic material, Gadolinium Molybdate Gd~2~(MoO~4~)~3~ (GMO)^[@CR22],[@CR37]--[@CR39]^, can be of great use. GMO is a full ferroelectric-ferroelastic material with a complex phase diagram^[@CR40]^ and effective polarization of P~(001)~: 2 µC/cm^2^ and coercive stress of 1MPa^[@CR41]^. The complex phase diagram it proses is due to its high oxygen content, a critical aspect of the rare-earth molybdates (Re~2~((MoO~4~)~3~)), which is worsen by the stability of several off stoichiometric phases. Nevertheless, the orthorhombic phase of GMO (β′-GMO), with lattice parameters a = 1.388 nm, b = 1.042 nm and c = 1.07 nm^[@CR42]^, remains the most studied one. Nowadays, GMO has been extensively used as optical material in electronics^[@CR43]--[@CR46]^, however, due to the aforementioned concerns, scarce literature has aim to stabilize GMO in thin films and much less for β′-GMO^[@CR45]--[@CR48]^. Sol-gel attempts have proven somehow successful, although the use of high temperature was needed in order to stabilize a fully orthorhombic film (\>700 °C), no conclusive proof of the ferroelectricity was provided. This was attributed to short cuts in the film^[@CR47]^, supported by the fact that cracks are a common problem in sol-gel thin films^[@CR49]^. Moreover, although sol-gel is regarded as low temperature technique^[@CR50],[@CR51]^, the use of high temperature, without a careful study of the temperature annealing on the crystalline quality of the films, leaves much space for investigation and development.

Despite of the fact that the successful stabilization of β′-GMO could resonate in many fields, and be extrapolated to other molybdates, no other deposition techniques, such as pulsed laser deposition (PLD), have been used. Thin films prepared by PLD are typically homogenous, without cracks or discontinuities and highly tunable, due to the several parameters involved in the deposition process^[@CR52]^. Moreover, PLD is a technique known to favor the formation of stoichiometric films^[@CR52],[@CR53]^ and it is regularly used in the investigation of multifunctional^[@CR54],[@CR55]^ and epitaxial^[@CR9],[@CR15],[@CR56]--[@CR58]^ thin films and nanomaterials. Reasons for which PLD is an ideal candidate for the investigation of GMO thin films.

Following the current trends in multiferroic materials, which have moved towards the inclusion of multiferroic heterostructures in order to profit from well-known effects such as magnetostriction or electrostriction, in this article we focus on to the Ferroelastic -- Ferroelectric properties of GMO/Si(001) thin films deposited by PLD and their *ex-situ* thermal annealing. Here we aim to reconstruct the GMO stoichiometry and investigate the changes of morphology of the samples due to the thermal annealing^[@CR59]^, which is an important aspect of thin film processing^[@CR60]^ and reconstruction of surfaces aiming for crystallinity^[@CR61]^, especially for those with oxygen dependency^[@CR62],[@CR63]^. We will show the complex, but controllable, stabilization dynamics of the GMO films and, moreover, provide proof of the ferroelectric nature of a 40 nm thick film on a silicon substrate. Our results are supported by several physical and chemical characterization methods clearly showing the successful stabilization of the multiferroic β′-GMO phase.

Experimental Methods {#Sec2}
====================

Thin film deposition and thermal annealing {#Sec3}
------------------------------------------

Thin films of 65 nm (0.13 Å × pulse^−1^) were grown from a polycrystalline single phase GMO target, placed at 5 cm from the Si(001) substrate. The experimental set-up used a Nd:YAG solid state laser with adjustable wavelength working at λ = 355 nm. The base pressure was 5 × 10^−8^ mbar and the working pressure was set to 2 × 10^−4^ mbar of pure oxygen. Post annealing processes were performed on a commercially available furnace working in atmospheric conditions. Samples were placed on a ceramic plate and heated to 600 °C with a heating ramp of 10 °C × min^−1^. Samples were cooled down by thermal inertia in atmospheric conditions.

Physicochemical characterization {#Sec4}
--------------------------------

Sample characterization was performed by several methods: Crystalline structure was investigated by Materials Research X-ray Diffractometer in Grazing incident configuration (GI-XRD -- PANalytical -- X'pert^[@CR3]^) using the Cu Kα radiation working at 45 kV, 40 mA and an incident angle of ω = 0.4°. High resolution transmission electron microscopy was performed with a HR-TEM -- JEOL -- ARM 200 F. Composition was investigated by energy-dispersive X-ray spectroscopy (EDX detector mounter in HR-TEM) and X-ray photoelectron spectroscopy (XPS -- SPECS -- Sage HR 100), working with a non-monochromatic X-ray source (Al K~α~ line of 1486.6 eV energy and 350 W). Morphology of the samples was investigated by atomic force microscopy (AFM-- Bruker-- ICON) using tapping mode and commercial silicon cantilevers. Nanomechanical Topographic images were collected using a Nanoindenter (TI 950 -- Hysitron). Maps were collected using the modulus maps option after calibrating the curvature of a Berkovich tip on a flat fused quartz surface (69.6 GPa). Finally, internal structure and non-centrosymmetric nature of the GMO films were investigated by Second Harmonic Generation measurements (SHG -- Zeiss -- LSM780 NLO) performed with two-photon excitation (Chameleon 680-1080 nm, 140 fs) optics.

Results and Discussion {#Sec5}
======================

As-deposited samples showed no discernible crystalline features in the available deposition temperature range, RT to 500 °C (Fig. [S1](#MOESM1){ref-type="media"}), therefore, thin films were post annealed *ex-situ* aiming to study the stabilization of the GMO phases. Samples were collected and post annealed in individual runs for post experiment characterization. Figure [1(a)](#Fig1){ref-type="fig"} shows the crystalline changes of the films as a function of the post annealing process by means of GI-XRD. The as-deposited sample shows an amorphous structure. The first crystalline peaks are visible after 2 h of annealing, with the clear appearance of GMO(222) (ICCD: 01-070-1397) and further crystalline directions, such as GMO(400) and GMO(404) which are also observed after 4 h of annealing. The results show a clear polycrystalline film after 8 h of annealing. Although, the crystalline peaks are consistent with those of β′-GMO, several isoforms and off stoichiometric lattices of GMO exist, thus in order to determine identity of the stabilized phase, GI-XRD experiments were performed and are shown in Fig. [1](#Fig1){ref-type="fig"}. Figure [1(b)](#Fig1){ref-type="fig"} shows the 2θ vs Ψ maps performed on the sample annealed for 8 h, although the sample remain highly polycrystalline in the whole range investigated, a clear peak corresponding to the GMO(331) direction is observed at around Ψ = 22--25 deg. This peak would be observable at that given angle if the out of plane texture of the film was GMO(111). Figure [1(c)](#Fig1){ref-type="fig"} examines in detail such reflection by means of polar plots. The ring observed in the graph is a clear signature of high *in-plane* polycrystallinity, with no visible order, but also clearly shows the preferential GMO(111) *out-plane* texture, and moreover, it also suggests the successful stabilization of the ferroelectric β′-GMO phase.Figure 1Gi-XRD measurements (**a**) 2thetha scans of samples annealed for different periods of time, peaks are indexed according to nominal β′-GMO position. Inset depicts a 2 × 2 × 2 unit cell of β′-GMO, (**b**) 2θ vs Ψ plots and (**c**) Pole figure of GMO(331) direction performed on the sample annealed for 8 h.

The evolution of the films morphology vs annealing time was investigated by AFM showing the clear apparition of a well described secondary phase after 2 h of annealing, Fig. [2(a)](#Fig2){ref-type="fig"}, while the as deposited surfaces show no distinctive features, Fig. [S2](#MOESM1){ref-type="media"}. Images show that the surface reconstruction of the samples, by longer periods of thermal annealing, follows specific nucleation points that resemble a *leaf-like* topography. This topography quickly gives rise to a new phase, which slightly protrudes from the film surface. This allows the clear observation of two distinctive populations, one quite flat and with *leaf-like* features, and the second one rough and overpopulated by molds. A clear coverage increment of the rough phase is observed with the longer annealing time, which correlates well with the increment of crystallinity observed in the XRD studies.Figure 2Atomic force micrographs of (**a**) sample annealed for 2 hours, 10 × 10 µm (left) and 5 × µm (right), inset shows topographic profile of the dashed (purple) line, notice the ≈1 nm increment across the profile. (**b**) Sample annealed for 4 hours, 10 × 1  µm (left) and 40 × 40 µm (right), inset shows topographic profile of dashed (purple) line. (**c**) sample annealed for 8 hours, 10 × 10 µm (left) and 40 × 40 µm (right).

The surfaces seem to follow the apparition of *midrib-like* structures, from which *veins-like* are shown to protrude, as clearly observed in the sample annealed for 2 h, Fig. [2(a)](#Fig2){ref-type="fig"}. It seems however, that *veins* cross individual grains in no preferable path, while on the other hand, a clear tendency is observed for the *midribs*, which seem to interconnect by specific nucleation points. In Fig. [2(a,b)](#Fig2){ref-type="fig"}, some nucleation points of *midribs* are marked by white arrows, these points seem to appear at turns of the grain boundaries while the *veins* are present at several areas following or interconnecting places with no clear trend. It is important to notice that both, *midribs* and *veins* have ≈1 nm height over the grain surface, Fig. [2(a)](#Fig2){ref-type="fig"} inset, and are present in every grain of the studied topography. It is clear though, by observing the samples annealed for 4 and 8 hours, Fig. [2(b,c)](#Fig2){ref-type="fig"}, that the roughness of the appearing phase increases with longer time of thermal annealing (from R~q~ = 0,5 to 4,4 nm) as well as its height (z = 17 nm). This increment of roughness and height clearly suggests not only crystalline changes, as shown in Fig. [1](#Fig1){ref-type="fig"}, but also chemical variations, which seem to be induced, or mediated, by the *midrib* and *veins* structures.

Further research on thinner films (5 nm and 10 nm) showed that the films seem to follow a Pseudo-dendritic growth (Fig. [S3](#MOESM1){ref-type="media"}), which has been already observed in some oxides^[@CR65],[@CR66]^ and molybdates materials^[@CR67],[@CR68]^. Moreover, these studies allowed to determine the coalescence threshold of the films, with a critical thickness of ≈15 ± 3 nm and the similar dendritic behavior in thinner samples. Additionally, as expected, thickness plays an important role in the reconstruction mechanism, monotonically reducing the annealing time required for crystallization with the decrement of thickness in the films. Moreover, in the reconstruction mechanism, both the melting front of the crystalline phases and the different growth/nucleation energy of each surface play a major role in the reconstruction. In principle, both the crystallization and dendritic growth of the GMO films are taking place across the surface of the samples. This can be appreciated in Fig. [2(a)](#Fig2){ref-type="fig"} in which early stages of dendrites and Fig. [2(b)](#Fig2){ref-type="fig"} with well-formed ones are observed, as well in the Fig. [S3](#MOESM1){ref-type="media"}. It is important to notice that the propagation of the dendrites takes place along the boundaries, which seems to be assisted by the higher oxygen content of the reconstructed phase.

HR-TEM experiments were performed on the sample annealed for 8 hours. Figure [3(a,b)](#Fig3){ref-type="fig"} show cross section HR-TEM analysis and electron diffraction results. The microstructure remains highly polycrystalline, as shown in the Selected Area Electron Diffraction (SAED) pattern Fig. [3(a)](#Fig3){ref-type="fig"}, and in the processed pattern (right side). A clear presence of the GMO(222), in the out of plane direction is observed. Additionally, clear boundaries are observed connecting the free surface and the substrate. Notice that the intermediate layer between the carbon top and the film is gallium damage induced to the samples' surface during the FIB preparation (Fig. [S4](#MOESM1){ref-type="media"}). Figures [2(c)](#Fig2){ref-type="fig"} and [3(b)](#Fig3){ref-type="fig"} show the Gd and Mo relative at%, normalized to the total O at.%, along the boundary of the two visible phases in the 8 h sample. This study allows to see stoichiometric changes between the reconstructed and original phases. Notice that the spectra was taken from a straight line covering both phases, large magnification of this area is shown in Fig. [3(b)](#Fig3){ref-type="fig"}. In Fig. [3(c)](#Fig3){ref-type="fig"} it can be clearly seen how the Mo content changes from 1.6 at% to 1.3 at%, while the Gd drops from 0.9 at% to 0.8 at% from phase to phase, the nominal ratio of the ferroelectric β′-GMO is *A* ~Gd:Mo:O~ = 2:3:12, thus, although the quantification of oxygen by EDX is not as accurate as for heavy elements^[@CR69]^, the proportion of unreconstructed and reconstructed phases are Gd~0.9~:Mo~1.6~ = 0.562 and Gd~0.8~:Mo~1.3~ = 0.615 respectively, showing a clear difference in stoichiometry and more importantly, showing that the reconstructed phase, closely resembles the nominal atomic ratio, Gd~2~:Mo~3~ = 0.66, of the multiferroic β′-GMO.Figure 3(**a**) HR-TEM image of sample annealed for 8 hours (left) and collected SAED pattern, scale is 2 × nm^−1^ (right), SAED pattern is divided in two sections, as collected (left side) and processed pattern (right side). This was done in order to allow easy identification of the polycrystalline pattern^[@CR64]^. (**b**) Cross-section Dark field (DF) image of the sample, clearly showing the presence of both reconstructed and unreconstructed areas in the sample (left). Lamella for HR-TEM observation was collected from the dashed region in the AFM image (right) (**c**) Extracted values of EDX compositional mapping for Gd and Mo (normalized to O at.%) in the region shown in DF image (covering reconstructed --left and as deposited --right areas), both with similar scale (500 nm).

In order to clearly investigate the stoichiometry of the samples, XPS measurements were performed, Fig. [4(a)](#Fig4){ref-type="fig"} shows the Gd 4d spectra for the samples annealed at 2, 4 and 8 hours. The spectra cannot be fitted due to the asymmetric shape of the peaks. Nevertheless, the Gd 4d peak position shows a progressive displacement towards the nominal position for the Gd~2~O~3~ species at around 143.3 eV^[@CR70]^, following the thermal annealing process of the samples. Mo 3d peak, Fig. [4(b)](#Fig4){ref-type="fig"}, also shows a clear reconstruction due to the thermal annealing, in which Mo^3+^O~3~ ^[@CR40]^ peaks move towards a the Mo^6+^O~3~ ^[@CR69]^ position. This trend is also visible in the O1s peaks, Fig. [4(c)](#Fig4){ref-type="fig"}, in which MoO~3~ ^[@CR69]^ is clearly visible after 8 hours of annealing. Therefore, it is clear that the thermal annealing is able to reconstruct the stoichiometric ferroelectric β′-GMO phase, Table [S1](#MOESM1){ref-type="media"}.Figure 4High resolution XPS spectra of (**a**) Gd 4d, (**b**) Mo3d, (**c**) O1s, for samples annealed for 2, 4, 8 hours.

Ferroelastic properties of β′-GMO have been widely studied in the past^[@CR30],[@CR41],[@CR45],[@CR46]^ giving a rather clear picture of the general mechanical response of the material, with an elastic modulus of ≈62.5 GPa^[@CR42]^. Nanomechanical topographic maps have been performed on the sample annealed for 4 hours, in order to evaluate the mechanical response of the films. Figure [5(a)](#Fig5){ref-type="fig"}, shows the modulus mapping results of the measurements, and although the topography is unclear, due to the high radius of the indenter tip, the mechanical response of the reconstructed area (higher topographic regions) clearly corresponds to the nominal β′-GMO elastic modulus. However, due to the polycrystallinity and low dimensionality of the films a strong proof of its ferroelectric response has to be provided.Figure 5(**a**) Mechanical modulus mappings of β′-GMO sample annealed for 4 hours. (**b**) Normalized intensity (I~0~) of SHG response of the sample annealed for 8 hours, Inset shows the nominal mechanism and topographic areas from where SHG signal was recorded. Scale bar is 10 µm, λ is the incident photon wavelength and ω its associated frequency $\documentclass[12pt]{minimal}
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In the past few years SHG has emerges as an efficient way to study ferroelectric materials and polar-nonpolar oxide interfaces^[@CR71]^. SHG is a nonlinear optical process in which two photons with a frequency (ω), combine in order to generate a photon with twice the energy and therefore, half the wavelength (2ω) Fig. [5(b)](#Fig5){ref-type="fig"}. This process is determined by the $\documentclass[12pt]{minimal}
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                \begin{document}$${\rm{E}}(\omega ,z)$$\end{document}$, is electric field of the incident photon and χ is the susceptibility tensor^[@CR71],[@CR72]^. It is clear then, that this behavior is observed in materials without inversion symmetry, non centrosymmetric, hence, since ferro and piezo electrics require broken inversion symmetry, is an excellent method to probe ferroelectric materials. Due to the highly polycrystalline nature of the β′-GMO phase presented in the samples, and the nominal easy axis of polarization along the GMO(001) direction^[@CR39],[@CR41],[@CR73]^, it is sensible to assume that polarization would be aligned randomly on the surface, thus no anisotropy could be expected. Nevertheless, the signal would confine to the β′-GMO phase, while the as deposited material, or the off stoichiometric phase, will not have any ferroelectric response. Figure [4(b)](#Fig4){ref-type="fig"}, shows the topographic SHG response of the sample annealed for 8 h. The wavelengths used were 880, 960 and 1050 nm, thus, the SHG detection range was set to 440, 480 and 525 nm respectively. Topography images, Fig. [4](#Fig4){ref-type="fig"} inset, clearly show dark regions in which SHG signal is missing. Those regions are the off stoichiometric GMO, while the bright, SHG regions are from the stoichiometric ferroelectric β′-GMO. The collected wavelengths fall within the previously observed range for orthorhombic β′-GMO^[@CR74]^, clearly showing the distinctive ferroelectric nature of the films.

Conclusion {#Sec6}
==========

In conclusion, we have explored the physicochemical properties of thermally reconstructed ferroelectric β′-Gd~2~(MoO~4~)~3~ samples. We found an unique topographic process leading to a complete reconstruction of the ferroelectric GMO phase, from a fully amorphous, as deposited structure, to a granular ferroelectric one. The reconstruction takes a sort of *leaf-like* behavior, in which *midribs* and *veins* are observed, and assumed to work as nucleation fronts, as well as allow the oxygen diffusion and inclusion on the reconstructed surfaces. Finally, the ferroelectric nature of the films was assessed by SHG, clearly showing their non centrosymmetric nature, which coupled with the crystalline and stoichiometric studies, clearly shows the successful reconstruction of the multiferroic (ferroelectric-ferroelastic) β′-GMO thin films.

Our study shows an important bench mark for this material and the rare earth molybdate family. Additionally to the multiferroic fields, where β′-GMO stands as the only known full ferroelectric and ferroelastic material. Moreover, our results open the possibility for much physics and electronic applications to be explored. Further studies are needs to investigate the high temperature/high oxygen deposition conditions of β′-GMO by PLD and the influence of epitaxial strain in its physicochemical properties.
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